Abstract: Coastal vegetation can reduce long wave run-up on beaches and inland propagation distances and thus mitigate these hazards. This paper investigates periodic long wave run-up on coastal rigid vegetation sloping beaches via a numerical study. Rigid vegetation is approximated as rigid sticks, and the numerical model is based on an implementation of Morison's formulation for rigid structures induced inertia and drag stresses in the nonlinear shallow water equations. The numerical model is solved via a finite volume method on a Cartesian cut cell mesh. The accuracy of the numerical model is validated by comparison with experimental results. The model is then applied to simulate various hypothetical cases of long period wave run-up on a sloping vegetated beach with different plant diameters and densities, and incident long waves with different periods. The sensitivity of long wave run-up to plant diameter, stem density and wave period is investigated by comparison of the numerical results for different vegetation characteristics and different wave periods. The numerical results show that rigid vegetation can effectively reduce long wave run-up and that wave run-up is decreased with increase of plant diameter and stem density. Moreover, the attenuation of long periodic wave run-up due to vegetation is sensitive to the variation of the incident wave period, and the attenuation of wave run-up is not increased or decreased monotonically with incident wave period.
Introduction
As a long wave propagates shoreward it undergoes changes caused by the offshore bathymetry and can increase significantly in height near the shoreline, run-up on the beach and travel inland considerable distances with the potential to cause large property damage including damage to infrastructure and facilities, devastation of coastal ecosystems and settlements, and massive loss of human life. Long wave run-up has been observed to vary significantly depending upon the local bathymetry and vegetation characteristics along the coastline. Vegetation such as mangroves and salt marshes, as well as belts of sea grass and seaweed are being increasingly recognized as important for dissipating wave energy and improving safety in the coastal zone (Tanaka, 2009 ). Coastal vegetation may not only provide a shield to coastal structures including breakwaters and seawalls but may also reduce wave inundation and run-up. Understanding and predicting a long wave run-up and inland propagation process is an important aspect of the coastal wave mitigation effort. Thus, a study of long wave water propagation through vegetation on a beach is fundamental to an understanding of how long wave run-up may be reduced by planted vegetation along a coastline.
There has been a lot of work done to study the mitigating effects of vegetation on coastal wave run-up using numerical simulations, and different numerical and 
Numerical Methods

Governing Equations
Wave propagation and run-up processes in a shallow water zone can be modeled by the nonlinear shallow water equations as wave nonlinear effects are more prominent than dispersion effects in these zones. As a wave approaches the shore line, the wave length becomes shorter and amplitude becomes larger. Therefore, the effects of wave non-linearity become increasingly dominant and frequency dispersion becomes negligible. Thus, the nonlinear shallow water equations may be used for modelling the behavior of waves in these zones. Vegetation attenuation effects on waves can be approximated by including plant induced inertia and drag stresses in the nonlinear shallow water equations in which rigid vegetation is approximated by rigid sticks and the Morison's formulation (1950) for rigid structures induced inertia and drag stresses is implemented. When the attenuation offered by vegetation is considered, the shallow water equations take the following conservative form:
In the above equations, h is water depth,
T means the transpose matrix, 
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Where η is water surface level from a horizontal datum, g the acceleration due to gravity, ρ water density, 
Numerical Scheme
The integral form of the equations (1) and (2) is
where * U , * F and * Q s defined as
A is the area enclosed by the control surface S.
Here, we apply the MUSCL-Hancock finite volume scheme with appropriate modifications for Cartesian cut cell meshes (Causon et al., 2000; . This is a two-step, high resolution, upwind scheme of the Godunov type. Time integration is performed using a two-step predictor-corrector scheme. The MUSCL-Hancock scheme is second order accurate in both time and space in smooth regions. The predictor step uses a non-conservative approach, which defines an intermediate cell centre value over a time interval
The corrector step of the scheme is fully conservative. The intermediate solution from At the seaward incident boundary, the incident periodic wave is given as a time-dependent boundary condition. For a periodic wave, the incident boundary condition should be able to prescribe an incoming wave and allow the reflected wave to exit the computational domain. Here, characteristic methods are used to achieve non-reflective wave generation at the incident boundary, and the Eq. (1) and (2) 
Numerical Model Validation
The proposed model is firstly run for a solitary wave on a bare sloping beach to test the accuracy of the numerical scheme for modeling wave run-up. Then the model and solver are tested for a long period wave run-up on a vegetated sloping beach.
Solitary Wave Run-up on a Bare Sloping Beach
Synolakis ( shape and velocity (Synolakis, 1987) ( ) ( )
( )
where H is initial relative wave height of a solitary wave, 0 h water depth, 1 X position of initial wave crest in computing domain, u velocity, and c wave celerity. In the simulations, the numerical model is run on a uniform spatial grid with spatial resolution △ = 0.01. The value of the bed friction coefficient has been numerically investigated for the best fit to the laboratory measurements (Synolakis, 1987) , and is determined to be 0.001. Fig. 1 The numerical model is run on a uniform spatial grid with a spatial step
Long Periodic Wave Run-up on a Partially Vegetated Sloping Beach
The value of the bed friction coefficient has been numerically investigated for the best fit to the laboratory measurements (Thuy et al., 2009; 2010) , and is determined to be 0.01. Fig. 2 shows the computed wave height, crest and trough against the experimental results as the incident sinusoidal wave runs up a bare and vegetated sloping beach. As can be seen in Fig. 2 , both the numerical results and experimental results show that the wave heights increase due to shoaling as the waves propagate to the shore. In the case of vegetation on the slope, however, the increase of wave height in the vegetated sloping zone is attenuated by vegetation, and the wave height at the front of the vegetation is affected by the waves reflected due to the vegetation. The fig. 4 (a) , the plant diameter is 0.005 m, and the wave height in the planted zone is obviously decreased compared to that on a bare slope, and the wave height offshore of the vegetation is also different from that offshore of the bare slope. Moreover, the maximum wave run-up on the vegetated slope is decreased by about 35% compared with that on the bare slope in fig. 4 (a) . In fig. 4 (b), the plant diameter is 0.01 m, and wave height in the planted zone is decreased more than that in fig. 4 (a) . Meanwhile, the wave height evolution offshore of the vegetation is also affected by the vegetation and different from that in fig. 4 (a) . Also, the maximum wave run-up on the vegetated slope is decreased by about 61% compared with that on the bare slope in fig. 4 (b) . In fig. 4 (c), the plant diameter is 0.015 m, and the wave height in the planted zone is decreased more obviously than that in the planted zone in fig. 4 (b) , and the wave height evolution offshore of the vegetation is also obviously affected by vegetation. Meanwhile, the maximum wave run-up on the vegetated slope is decreased by about 76% compared with that on the bare slope in fig. 4 (c) . In fig. 4 (d) , the plant diameter is 0.02 m, and the wave height on the planted zone is decreased more obviously than that in the planted zone in fig. 4 (c), and the wave height evolution offshore of the vegetation is also obviously affected by vegetation. Furthermore, the maximum wave run-up on the vegetated slope is decreased by about 87% compared with that on the bare slope in fig. 4 (d) .
By comparing the numerical results for wave height on the bare and partially planted slopes with different plant diameters in fig. 4 , it can be seen that long wave height in the planted zone is attenuated and this attenuation increases with increasing plant diameter. Meanwhile, it is shown by comparison of the wave height evolution offshore of the planted zone in fig. 4 , that this is different from that on the bare slope and also significantly different for cases with vegetation with different plant diameters.
Moreover, It is also shown by comparison of wave run-up on a partially planted slope with different plant diameters in fig. 4 , that planting on the slope can decrease long wave run-up significantly, and attenuation of maximum wave run-up on a vegetated slope is increased with increase of plant diameter. This is similar to that found for a solitary wave passing through a vegetated slope (see Tang et al, 2013) . These effects are because the drag forces due to vegetation are increased with increase of plant diameter, and hence, this results in a decrease of wave velocity and height on the planted zone with increase of plant diameter, and attenuation of wave run-up is also increased with increase of plant diameter. The high differences in wave height evolution offshore of the vegetation is due to the superposition of incident wave and reflected wave from the slope. Meanwhile, vegetation also has an effect on reflection of the incident wave, and results in phase difference between the incident and reflected waves due to vegetation that varies with vegetation diameters giving rise to variation in wave height evolution offshore of the planted zone. 
Plant Density Effects on Long Periodic Wave Run-up
In this test, the period for the incident waves is again set as 20 s. Plant diameter is 
Wave Period Effects on Long Periodic Wave Run-up
In these tests, a periodic wave with initial height fig. 6 and in table 1 it can be seen that the wave height on the planted zone and the run-up of a long wave with diverse period are decreased significantly due to vegetation on the slope. Moreover, the attenuation rate of maximum wave run-up on a vegetated slope is increased from 60% to 86% as the incident wave period increased from 7.5 s to 10.0 s, and then decreased to 41% as incident long wave period increased to 30 s. These results suggest that the attenuation of long periodic wave run-up due to vegetation is sensitive to the variation of incident wave period, and the attenuation of maximum wave run-up is not increased or decreased monotonically with incident wave period. This is because the forces due to vegetation are not increased or decreased monotonically with incident wave period, which is similar to that found for a linear wave passing through a vegetated zone (see Tang et al, 2011) . Moreover, it is also shown by comparison of wave height evolution offshore of a planted zone for a long wave with different periods in fig. 6 , that the wave height evolution offshore of the planted zone is significantly different for long waves with different periods. This is because wave reflection is quite different for long waves with different periods, and the phase differences between the incident wave and reflected wave are also different. Hence, the superposition of incident wave and reflected wave from the slope result in a significant variance in wave height evolution.
(a) It should be noted that in the present study, vegetation is represented by rigid sticks, which is obviously a simplification compared to real vegetation. Natural vegetation will be more complicated due to plant branches, leaves and their obvious non-rigidity, as well as spatial or seasonal variation in properties (Van Rooijen et al., 2016) . In addition, due to a lack of available data, the results for long periodic wave run-up on planted sloping beaches have not been further validated against real vegetation data from laboratory tests or field measurements. In conclusion, the present study indicates that the model can simulate the essential flow processes of long periodic wave run-up on a vegetated slope, which can be used to qualitatively examine the effects of rigid vegetation on long periodic wave run-up. In future work, laboratory data using real vegetation or field data may be used to further validate our model and confirm the validity of our findings under naturally vegetated coastal environments.
